Ligation of cytotoxic T lymphocyte antigen 4 (CTLA4) appears to inhibit T cell responses. Four mechanisms have been proposed to explain the inhibitory activity of CTLA4: competition for B7-1 and B7-2 binding by CD28; sequestration of signaling molecules away from CD28 via endocytosis; delivery of a signal that antagonizes a CD28 signal; and delivery of a signal that antagonizes a T cell receptor (TCR) signal. As three of these potential mechanisms involve functional antagonism of CD28, an experimental model was designed to determine whether CTLA4 could inhibit T cell function in the absence of CD28. TCR transgenic/recombinase activating gene 2-deficient/CD28-wild-type or CD28-deficient mice were generated and immunized with an antigen-expressing tumor. Primed T cells from both types of mice produced cytokines and proliferated in response to stimulator cells lacking B7 expression. However, whereas the response of CD28 ϩ / ϩ T cells was augmented by costimulation with B7-1, the response of the CD28 Ϫ / Ϫ T cells was strongly inhibited. This inhibition was reversed by monoclonal antibody against B7-1 or CTLA4. Thus, CTLA4 can potently inhibit T cell activation in the absence of CD28, indicating that antagonism of a TCR-mediated signal is sufficient to explain the inhibitory effect of CTLA4.
C
D28 is a costimulatory receptor expressed constitutively on naive and on differentiated T cells. Ligation of CD28 on naive T cells using specific mAb or via its natural ligands B7-1 or B7-2 augments cytokine production and proliferation, and promotes differentiation into effector cells (1) . In vitro, CD28 ligation appears to promote T cell survival via upregulation of Bcl-x L (2) . CD28 costimulation also prevents induction of anergy in differentiated Th1 clones (3) (4) (5) , whereas proliferation of differentiated Th2 cells can be relatively CD28 independent (5) .
CD28-deficient mice have been generated by homologous recombination (6) . Although B7-dependent activation of naive CD28 Ϫ / Ϫ T cells in vitro does not occur (7), CD28 Ϫ / Ϫ mice do appear capable of mounting effective cellular immune responses in vivo, albeit with slower kinetics (8) . Thus, either some immune responses can occur in the absence of any costimulatory receptor engagement, or alternative costimulator molecules exist that can compensate for the absence of CD28 in vivo.
Cytotoxic T lymphocyte antigen 4 (CTLA4) is an alternative counterreceptor for B7-1 and B7-2 that is expressed on T cells only after activation and that binds these ligands at higher affinity than does CD28 (9, 10) . CTLA4 expression is induced transcriptionally upon TCR-CD3 ligation, but accumulates predominantly as an intracellular pool in activated cells. A fraction of CTLA4 molecules is constantly transported to the surface and is subsequently endocytosed by a clathrin-mediated mechanism (11, 12) . In contrast to CD28, ligation of CTLA4 appears to inhibit T cell activation events (13) . Perhaps the best evidence that CTLA4 is a negative regulator of T cell activation has come from the generation of CTLA4-deficient mice, which exhibit a profound lymphoproliferative syndrome resulting in death within several weeks of age (14, 15) . Other experimental models analyzing CTLA4 function have used stimulation of normal LN T cells with specific mAb against CD3 and CD28, with or without the addition of anti-CTLA4 mAb (16, 17) . Under these conditions, CTLA4 ligation inhibits IL-2 production and proliferation, prevents sustained IL-2R induction, and induces G1 cell cycle arrest. We have observed recently that differentiated Th1 and Th2 clones are both susceptible to inhibition by CTLA4 (Alegre, M.L., H. Shiels, C.B. Thompson, and T.F. Gajewski, manuscript submitted for publication). Cross-linking of 206 CD28-independent Inhibition of T Cells by CTLA4 CTLA4 inhibited production of all measurable cytokines by both T cell subsets, suggesting that the biochemical mechanism by which CTLA4 antagonizes T cell activation involves a central signaling pathway vital for multiple TCRmediated functions.
At least four mechanisms have been proposed to explain the inhibitory activity of CTLA4: competition for ligand access to CD28, thus preventing CD28 from binding to B7-1 and B7-2; "stealing" of signaling molecules away from CD28 via the rapid endocytosis of CTLA4; delivery of a signal that antagonizes or aborts a CD28 signal; and delivery of a signal that antagonizes or aborts a TCR-delivered signal. As the first three of these putative mechanisms depend on the presence of CD28, an experimental model was designed to determine whether CTLA4 could inhibit T cell function in the absence of CD28.
The 2C TCR transgenic (Tg) mouse expresses a TCR that recognizes the alloantigen L d bound to a ubiquitous self peptide from ␣ -ketoglutarate dehydrogenase (18) . These mice were bred to a recombinase activating gene 2 (Rag2)-deficient background, to extinguish expression of endogenous TCR genes and to ensure a naive T cell phenotype. 2C ϫ Rag2-deficient (2C/Rag) mice successfully reject L d -expressing P815 tumors in a B7-independent fashion (19) . 2C/Rag mice were also crossed with CD28-deficient mice (generating 2C/Rag/CD28 Ϫ / Ϫ mice), which were found to reject P815 tumors in vivo as well. The majority of T cells from both 2C/Rag/CD28 ϩ / ϩ and 2C/Rag/ CD28 Ϫ / Ϫ mice appeared to be primed after tumor rejection, and produced cytokines and proliferated in vitro in response to P815 stimulator cells lacking B7 expression. However, whereas the response of primed CD28 ϩ / ϩ T cells in vitro was augmented by costimulation with B7-1, the response of primed CD28 Ϫ / Ϫ T cells was strongly inhibited. This inhibition was reversed by mAb against B7-1 or CTLA4. Thus, CTLA4 can potently inhibit the activation of primed T cells in the absence of CD28, indicating that antagonism of a TCR-mediated signal is sufficient to explain its inhibitory effect.
Materials and Methods
Mice. 2C TCR Tg mice were developed as described previously (18) and obtained from Dr. D. Loh (Washington University School of Medicine, St. Louis, MO). These were intercrossed with Rag2-deficient mice (kindly provided by Dr. C. Simon, University of Chicago) to obtain 2C ϫ Rag2 Ϫ / Ϫ mice (2C/Rag mice). CD28-deficient mice (obtained from Drs. J. Bluestone and C. Thompson, University of Chicago) were bred to 2C/Rag mice to obtain 2C ϫ Rag2 Ϫ / Ϫ ϫ CD28 Ϫ / Ϫ mice (2C/Rag/ CD28 Ϫ / Ϫ mice). All Tg mice were bred in a specific pathogenfree barrier facility at the University of Chicago. Mice were used at 6-8 wk of age for experiments.
Cell Lines and Transfectants. P815 mastocytoma cells were cultured in DMEM supplemented with 10% FCS and incubated at 37 Њ C in an 8% CO 2 atmosphere. P815.B7-1 was derived and maintained as described (Fields, P.E., S. Wolf, T.F. Gajewski, and F.W. Fitch, manuscript submitted for publication). P1.HTR is a highly transfectable variant of P815 that grows semiadherent in tissue culture and as a solid tumor mass when implanted subcutaneously in vivo (20) , and was used for in vivo tumor rejection.
In Vivo Priming of 2C/Rag/CD28-wild-type or CD28-deficient Mice. 2C/Rag or 2C/Rag/CD28 Ϫ / Ϫ mice were immunized subcutaneously in the left flank with 10 ϫ 10 6 living P1.HTR tumor cells in 100 l Dulbecco's PBS. The animals were killed 10 d after immunization, and splenic CD8 ϩ T cells were purified. After confirmation of purity by flow cytometry, cells were stimulated to assess proliferation and cytokine production.
Purification of CD8 ϩ T Cells. CD8 ϩ cells were isolated by negative enrichment using a magnetic separation system (StemCell Technologies, Vancouver, B.C., Canada) according to the manufacturer's protocol. The purity of the eluted fraction, determined by flow cytometry using the clonotypic Ab 1B2 or anti-CD8 mAb, ranged between 92 and 96%.
Antibodies and Flow Cytometry. For flow cytometry, PE-coupled anti-CTLA4 mAb 4F10 (PharMingen, San Diego, CA), FITC-coupled 1B2 (prepared in our laboratory), and biotinylated anti-CD28 mAb (PharMingen) were used. Expression of the TCR and of CD28 was determined by normal surface staining, whereas CTLA4 expression was assessed after saponin permeabilization, as described (12) . In both cases, nonspecific staining was reduced by blocking with the anti-FcR ␥ mAb 2.4G2. Samples were analyzed on a FACScan ® (Becton Dickinson, San Jose, CA), and data were analyzed using Lysis II software (Becton Dickinson). Live cells were selected for analysis using forward versus side scatter gating. Nonconjugated mAb against B7-1 (16-10A1) or CTLA4 (4F10) were used for in vitro blocking experiments.
T Cell Proliferation Assay. Stimulation of T Cells for Lymphokine Production and CTLA4 Expression. For lymphokine production, purified CD8 ϩ T cells (2.5 ϫ 10 5 ) were stimulated with mitomycin C-treated P815 or P815-B7.1 tumor cells (2.5 ϫ 10 5 ) in a total volume of 1 ml. In some experiments, stimulation was performed in the presence of anti-CTLA4 mAb (50 g/ml final), anti-B7-1 mAb (1 g/ml final), or the combination. Supernatants were collected at 24 h to determine IL-2 production and at 48 h to assess IFN-␥ content.
To stimulate for measurement of CTLA4 expression, purified CD8 ϩ T cells (5 ϫ 10 5 ) were restimulated in vitro in the presence of mitomycin C-treated P815-B7.1 (2.5 ϫ 10 5 ) tumor cells for 48-72 h in a total volume of 1.5 ml. Flow cytometric analysis was then performed on permeabilized cells using anti-CTLA4 mAb.
Lymphokine Assays. IFN-␥ concentrations were determined using an ELISA developed by Dr. R. Schreiber (Washington University), who also provided the reagents. IL-2 was measured using an ELISA with antibody pairs obtained from PharMingen. Concentrations were expressed in U/ml as determined using the respective recombinant cytokines as standards.
Results
Characterization of 2C/Rag/CD28-wild-type and CD28-deficient Mice. 2C TCR Tg mice were bred to a Rag2-deficient background to extinguish expression of endogenous TCR genes and ensure a naive phenotype (reference 19, and data not shown). We have observed previously that 2C/Rag mice vigorously reject L d -expressing P815 tumors, resulting in priming of the majority of the T cells in the mouse based on surface expression of CD44 and CD62L as well as induction of cytolytic activity (19) . Thus, tumor rejection provides a convenient means by which to immunize these mice. Priming occurred even in mice treated with CTLA4-Ig, arguing that it can be achieved in the absence of B7-CD28 interactions. Indeed, 2C/Rag/CD28 Ϫ / Ϫ mice also were found to reject P815 tumors in vivo, resulting in comparable induction of activation markers and cytolytic activity as is seen with the 2C/Rag/CD28 ϩ / ϩ mice (data not shown). Use of primed T cells from these immunized mice provided a means by which to examine a potential inhibitory role of CTLA4 in the absence of CD28. To determine whether expression of CTLA4 could indeed be induced in 2C/Rag/CD28 Ϫ / Ϫ T cells, flow cytometric analysis was performed after restimulation in vitro with P815 cells. As shown in Fig. 1 , surface expression of the TCR, as detected by the clonotypic mAb 1B2, was comparable on the CD28 ϩ / ϩ and CD28 Ϫ / Ϫ T cells, whereas CD28 was expressed only on the CD28 ϩ / ϩ T cells, as expected. Interestingly, total cellular CTLA4 expression analyzed on permeabilized cells was comparable in T cells from both mice (Fig.  1) , indicating that CTLA4 indeed has an opportunity to antagonize T cell function even in CD28-deficient T cells.
Response of 2C/Rag/CD28 ϩ / ϩ or 2C/Rag/CD28 Ϫ / Ϫ T Cells to B7-1 Costimulation In Vitro. We have observed recently that in contrast to naive T cells which are dependent on CD28 costimulation for primary activation in vitro, secondary (primed) T cells proliferate and produce IL-2 after TCR stimulation alone (Fields, P.E., S. Wolf, T.F. Gajewski, and F.W. Fitch, manuscript submitted for publication). To determine the effect of B7-1 on the response of primed T cells that express or do not express CD28, in vivo-primed 2C/Rag/CD28-wild-type or CD28-deficient T cells were stimulated with P815 or P815.B7-1 cells, and proliferation was measured over time. As shown in Fig. 2 A , primed CD28 ϩ / ϩ T cells proliferated in response to P815, with a peak response observed on day 2. This proliferation was augmented and extended if B7-1 was expressed on the P815 stimulator cells. The CD28 Ϫ / Ϫ cells also proliferated in response to nontransfected P815 cells (Fig. 2 B ) . However, in this case, expression of B7-1 on the stimulator cells resulted in nearly complete inhibition of the proliferative response.
When cytokine production was examined, the effect of B7-1 on the response of CD28 ϩ / ϩ and CD28 Ϫ / Ϫ T cells was similar to the effect seen on the proliferation of these cells. As shown in Fig. 3, P815 .B7-1 cells generally stimulated equivalent or increased levels of IL-2 ( A ) and IFN-␥ ( B ) production compared with nontransfected P815 cells when primed 2C/Rag/CD28 ϩ / ϩ T cells were examined. The magnitude of augmentation of detectable IL-2 production by B7-1 was variable between experiments, presumably due to variable rates of IL-2 consumption by the proliferating T cells. In contrast, when 2C/Rag/CD28 Ϫ / Ϫ T cells were examined, P815.B7-1 cells induced profoundly reduced levels of IL-2 and IFN-␥ release compared with those induced by nontransfected P815 stimulators (Fig. 3) . These reduced levels were usually near the background levels of detection for the respective assays. Thus, the effect of B7-1 on primed CD28-deficient T cells is inhibitory rather than stimulatory for cytokine production and proliferation.
Inhibition of Activation of 2C/Rag/CD28 Ϫ/Ϫ T Cells by P815.B7-1 Cells Is Reversed by Anti-B7-1 or Anti-CTLA4 mAb.
To confirm that the decreased ability of P815.B7-1 to stimulate 2C/Rag/CD28 Ϫ/Ϫ T cells was directly mediated by B7-1 and CTLA4, neutralizing mAbs against these respective molecules were included during T cell stimulation. As shown in Fig. 4 , the augmented IL-2 production by CD28 ϩ/ϩ cells promoted by B7-1 costimulation was blocked by anti-B7-1 mAb. In contrast, the decreased IL-2 production by CD28 Ϫ/Ϫ T cells in the presence of B7-1 costimulation was reversed with the addition of anti-B7-1 mAb. Likewise, whereas anti-CTLA4 mAb had a slight augmentative effect on IL-2 production by the CD28 ϩ/ϩ T cells, the decreased IL-2 production of CD28 Ϫ/Ϫ T cells in the presence of P815.B7-1 was reversed completely in the presence of anti-CTLA4 mAb (Fig. 4) . The combination of both mAbs gave similar results to those seen with anti-B7-1 mAb alone. Thus, B7-1 expression on stimulator cells apparently can inhibit the activation of CD28-deficient T cells via ligation of CTLA4.
Discussion
Most experimental evidence obtained to date is consistent with a negative regulatory function of CTLA4 on T cells. Blockade of CTLA4 interactions using neutralizing mAb augments T cell proliferation in vitro (21), promotes tumor rejection in vivo (22) , and appears to prevent antigen-specific tolerance in vivo (23, 24) . Conversely, crosslinking of CTLA4 inhibits IL-2 production and proliferation of normal LN T cells in vitro (16, 25) . In each of these settings, T cell responses were first optimized by ensuring CD28 ligation, either with anti-CD28 mAb or via presumed interaction with natural ligands, and CTLA4 was manipulated within that context. Therefore, these experimental systems have led to the proposal that CTLA4 may antagonize a CD28-mediated signal. Such a model appears intuitive as well; B7 ligands could first engage the positive receptor CD28, and then subsequent induction of CTLA4 could force the same B7 ligands to mediate a negative response through CTLA4, reversing the CD28 effect.
In this study, we took advantage of the observation that primed T cells exhibit a relaxed requirement for CD28 costimulation, such that substantial cytokine production and proliferation can be observed in response to TCR ligation alone. In this way, the potential for CTLA4 to inhibit T cell function in the absence of CD28 could be examined. In addition, by using primed CD28-deficient T cells, CTLA4 could be stimulated with the natural ligand B7-1 rather than using cross-linked anti-CTLA4 mAb. Indeed, B7-1 clearly inhibited rather than augmented T cell activation in the absence of CD28, in a CTLA4-dependent fashion. These data support previous observations that CTLA4 is a negative regulator of T cell activation. However, these results also indicate that CTLA4 can exert its inhibitory effect in the absence of CD28.
It is likely that CTLA4 antagonizes a signal delivered through the TCR-CD3 complex. However, our studies do not exclude the possibility that CTLA4 signaling can inhibit the function of an undefined alternative costimulatory receptor, or that CTLA4 can additionally inhibit a CD28 Figure 3 . Cytokine production by CD28 ϩ/ϩ or CD28 Ϫ/Ϫ TCR Tg T cells in response to B7-1 ϩ or B7-1 Ϫ stimulator cells. CD8 ϩ T cells purified as in Fig. 2 were stimulated with mitomycin C-treated P815 or P815.B71 cells. Supernatants were collected, and IL-2 and IFN-␥ content were assessed. Similar results were obtained in at least three experiments. Figure 4 . Inhibition of cytokine production of CD28 Ϫ/Ϫ T cells by B7-1 transfectants is prevented by anti-B7-1 or by anti-CTLA4 mAb. T cell stimulations were performed as in Fig. 3 without additions, or in the presence of anti-B7-1 mAb, anti-CTLA4 mAb, or the combination. IL-2 production was determined at 24 h. Similar results were obtained for IFN-␥ production (data not shown), and in at least two separate experiments.
signal. Given the conclusions of this study, we have examined recently whether cross-linking of CTLA4 can abort ongoing signaling events initiated through CD3 cross-linking alone. Preliminary results have revealed that the normal prolonged activation of extracellular signal-regulated kinase (ERK)1 and ERK2 in response to CD3 ligation becomes inactivated once CTLA4 expression emerges and is itself cross-linked (data not shown). These results are consistent with a recent published report indicating that, using 3-d-stimulated T cells that have maximal surface expression of CTLA4, restimulation in the presence of CTLA4 cross-linking results in reduced activation of ERK and jun NH 2 -terminal kinase (26) . Thus, blockade of a TCR-CD3-mediated signal is sufficient to explain the inhibitory effect of CTLA4.
The biochemical mechanism by which CTLA4 antagonizes T cell responses is not yet understood. Like CD28, the cytoplasmic tail of CTLA4 contains a binding motif for phosphatidylinositol (PI)3-kinase, and interaction between phosphorylated CTLA4 and PI3-kinase has been demonstrated (27, 28) . CTLA4 can be phosphorylated in the presence of activated Lck in vivo (29) . However, since CD28 also binds PI3-kinase, it is unclear how this interaction would mediate a negative signal for CTLA4. The protein tyrosine phosphatase PTP1D has been reported to interact with CTLA4 (30) , although this interaction may be nonspecific (data not shown). Nonetheless, it is attractive to speculate that CTLA4 may bring a phosphatase into the TCR-CD3 complex through cocapping, thus dephosphorylating a key substrate that is necessary to sustain T cell signaling. We have observed recently, using differentiated Th1 and Th2 clones, that production of all cytokines was modulated by CTLA4 manipulation. Since activation of ERK1/ERK2 is easily demonstrated in both T cell subsets, and since this pathway may be required for cytokine gene expression, a substrate downstream from the TCR but proximal to ERK1/ERK2 may be one target of CTLA4 inhibition. This target is likely to be downstream from CD3 phosphorylation and ZAP70 recruitment, since these events have been reported to be unaffected by CTLA4 ligation (26) .
In summary, our results support a model in which CTLA4 ligation antagonizes a TCR-driven signal rather than a CD28-dependent signaling event. Thus, rather than CD28 costimulation augmenting a TCR signal and CTLA4 inhibiting this CD28 costimulus, CD28 and CTLA4 may instead antagonistically regulate the same TCR-mediated events. A better understanding of how CTLA4 functions should aid in the development of agents that either inhibit or augment ongoing immune responses.
